A spontaneous mutant of Methanothermobacter thermautotrophicus resistant to the Na 1 /H 1 antiporter inhibitor amiloride was isolated. The Na 1 /H 1 exchanger activity in the mutant cells was remarkably decreased in comparison with wildtype cells. Methanogenesis rates in the mutant strain were higher than wild-type cells and resistant to the inhibitory effect of 2 mM amiloride. In contrast, methanogenesis in wild-type cells was completely inhibited by the same amiloride concentration. ATP synthesis driven by methanogenic electron transport or by an electrogenic potassium efflux in the presence of sodium ions was significantly enhanced in the mutant cells. ATP synthesis driven by potassium diffusion potential was profoundly inhibited in wild-type cells by the presence of uncoupler 3,3 0 ,4 0 ,5-tetrachlorosalicylanilide and sodium ions, whereas c. 50% inhibition was observed in the mutant cells under the same conditions.
Introduction
Methanogenic archaea are strictly anaerobic microorganisms producing massive amounts of methane globally every year. De novo synthesis of methane is a metabolic pathway unique to methanogens and serves as the only way to satisfy their cellular energy demands. Redox reactions of methanogenesis drive the formation of primary electrochemical gradients of protons and sodium ions, Dm H þ and Dm Na þ (Müller et al., 1988; Gottschalk & Thauer, 2001; Deppenmeier, 2002 ). The energy of Dm H þ and Dm Na þ can be directly coupled to generation of ATP via two specific H 1 -and Na 1 -dependent processes in some methanoarchaea (Becher & Müller, 1994; Šmigáň et al., 1994 , 1995 . The coexistence of two primary ion gradients is very unusual among energy-conserving pathways. Despite numerous studies, the physiological roles of these two bioenergetic cycles have not been satisfactorily explained so far.
The processes leading to the generation and utilization of Dm H þ and Dm Na þ in the thermophilic methanoarchaeon Methanothermobacter thermautotrophicus have been extensively studied over the past two decades. It has been shown that Dm H þ is generated by a primary proton pump, the heterodisulphide reductase complex, during methanogenesis (Deppenmeier et al., 1990; Hedderich et al., 1990; de Poorter et al., 2003) . In addition, primarily generated Dm Na þ can be converted by means of Na 1 /H 1 antiporter activity to Dm H þ , in M. thermautotrophicus (Kaesler & Schönheit, 1989) . The resulting proton motive force can be utilized via the A 1 A 0 ATP synthase for ATP production (Kaesler & Schönheit, 1989; Šmigáň et al., 1994 , 1995 Schäfer et al., 1999) . It is believed that the A 1 A 0 ATPase/synthase, the only ATP synthase annotated in the complete genome sequence of M. thermautotrophicus, catalyses ATP synthesis driven by proton motive force Schäfer et al., 1999) . Such ATP synthesis should be protonophorous uncoupler sensitive because the driving force (which is the proton gradient) should dissipate in the presence of the uncoupler 3,3 0 ,4 0 ,5-tetrachlorosalicylanilide. However, ATP synthesis was shown not to be sensitive to 3,3 0 ,4 0 ,5-tetrachlorosalicylanilide under some physiological conditions in M. thermautotrophicus (Polák et al., 2000) . Such a situation could be explained by the existence of Dm Na þ -driven ATP synthesis in these cells. We also observed that ATP synthesis driven by the proton diffusion potential in the presence of sodium ions was conspicuously elevated in the presence of harmaline, an inhibitor of the Na 1 /H 1 antiporter (Šmigáň et al., 1995) . This finding indicates that the Na 
Materials and methods

Growth conditions and mutant isolation
Methanothermobacter thermautotrophicus strain DH and the amiloride-resistant mutant were cultivated as described earlier (Šmigáň et al., 1984) . Solid media were prepared by the addition of 1% (w/v) Gelrite to the medium. All manipulations were performed under strict anaerobic conditions. For isolation of the amiloride-resistant mutant of M. thermautotrophicus, the growth medium (Šmigáň et al., 1984) contained K 2 CO 3 instead of Na 2 CO 3 and was supplemented with 5 mM NaCl. To select amiloride-resistant mutants, cultures were grown for 24 h in liquid medium in the presence of 0.8 mM amiloride. The cells were washed in growth medium. 1 Â 10 8 cells were plated directly in an anaerobic chamber (Forma Scientific, model 1024) on solid medium pH 7 containing 2 mM amiloride and were incubated at 60 1C in a stainless-steel anaerobic jar for 14 days. One out of six mutant clones was used for further study. The remaining five colonies were picked and purified by restreaking them several times on nonselective media and stored on gelrite slants. These will be characterized in the near future.
Measurement of methane and ATP formation
Methane formation from CO 2 and H 2 by the cell suspension was measured by analysis of glass vial headspace gases by gas chromatography. Aliquots were measured using a Carlo Erba Fractovap 4200 equipped with a 2-m steel column packed with Sepharon AE 200-300 mm and a thermal conductivity detector using Argon as a carrier gas (Šmigáň et al., 1984) . ATP synthesis driven by methanogenic electron transport or by potassium diffusion potential in the presence of Na 1 ions of the cell suspensions of the wild type and amiloride-resistant mutant was measured according to Schönheit & Perski (1983) . (Šmigáň et al., 1995) with the following modifications. Exponentially grown harvested cells were washed in 20 mM MES buffer containing 50 mM NH 4 Cl, pH 6, under a N 2 atmosphere, resuspended in 20 mM HEPES, 10 mM KCl, pH 7, to a final concentration of 4.5 mg of cell proteins per milliliter and maintained at 7 1C under N 2 . Forty-five micrograms of cells were transferred into a stirred anaerobic cuvette containing 2 mL 50 mM HEPES, 10 mM KCl, 5 mM MgCl 2 and 2.5 mM acridine orange preheated to 55 1C. Quenching and Na 1 -induced dequenching of acridine orange were monitored using a Perkin-Elmer LS-50B spectrofluorimeter at excitation and emission wavelengths of 493 and 530 nm, respectively, under N 2 at 55 1C.
Measurements of Na
Subcellular fractionation, analysis and identification of proteins
Soluble 100 000 g supernatant fractions and membrane vesicle proteins were isolated as described previously (Majerník et al., 2003) . Membrane vesicles were also used to prepare chloroform/methanol extracts according to (Ruppert et al., 2001) . Soluble 100 000 g supernatant fractions and membrane vesicles were analysed by a native polyacrylamide gel electrophoresis (PAGE) technique (Laemmli, 1970) without the addition of Sodium dodecyl sulfate (SDS) and 2-mercaptoethanol in buffers. SDS-PAGE was performed according to (Schägger & von Jagow, 1987) . Protein bands after Coomassie blue staining were excised from the gel, trypsin digested and analysed using a MALDI TOF/TOF 4700 Proteomic Analyser (ABI). The Mascot search engine was used to identify cognate proteins by matching MS of detected peptides to M. thermautotrophicus proteins. Proteins were quantified by the Lowry method (Lowry et al., 1951) using bovine serum albumin (BSA) as the standard.
Results
A spontaneous M. thermautotrophicus mutant resistant to the Na 1 /H 1 antiporter inhibitor amiloride was isolated. Wild type and the mutant strains featured comparable growth yields, yielding 0.13 or 0.12 mg of total cell protein per milliliter of growth medium after 24 h, respectively, in standard culture media. Similarly, no differences in the specific growth rate m for the wild type (0.147 h À1 ) and the mutant strain (0.147 h À1 ) were observed. In contrast, the amiloride-resistant mutant exhibited good methanogenesis under resting conditions even in the presence of 2 mM amiloride ( Fig. 1 ) whereas methanogenesis under resting conditions was totally inhibited in the presence of 2 mM amiloride in wild-type cells ( Fig. 1) .
In an attempt to clarify whether the amiloride-resistant mutant can detoxify amiloride, the mutant cells were cultivated in the presence of 2 mM amiloride for 24 h. The cells were centrifuged and the supernatant was transferred to a new sterile bottle. Amiloride in the supernatant was tested for the ability to inhibit growth of the wild-type strain. The growth of the wild type was completely inhibited under these conditions (not shown).
To test the Na 1 /H 1 antiporter activity of mutant and wild-type cells, the extent of Na 1 -induced acidification of the external medium by a cell suspension was measured using a pH electrode. The Na 1 /H 1 antiporter activity of mutant cells was strongly reduced as compared with that of wild type cells (Fig. 2) . A spectrofluorimetric method was used for determination of kinetic parameters for the Na 1 /H 1 antiporter in the wild-type and mutant cells. The apparent maximum velocity V max and Michaelis constant K m were 51.1 AU and 4.2 mM, respectively, for wild type and 22.6 AU and 5.5 mM, respectively, for the mutant. The twofold decrease in V max for the mutant strain indicates either a reduced amount of Na 1 /H 1 antiporter or lower catalytic efficiency rather than a change in its affinity for Na 1 ions. As mentioned earlier, the Na 1 /H 1 antiporter could modulate the driving force for ATP synthesis under physiological conditions (Kaesler & Schönheit, 1989; Šmigáň et al., 1995) . Therefore, the potential role of the Na 1 /H 1 antiporter in total ATP synthesis was studied.
A comparison of wild type and mutant ATP synthesis driven by methanogenic electron transport or by an electrogenic potassium efflux in the presence of sodium ions is and amiloride-resistant mutant (n, m) of Methanothermobacter thermautotrophicus. Exponentially grown cells were harvested, washed and resuspended in buffer (50 mM morpholinepropanesulfonic acid (MOPS)-Tris, 10 mM NaCl, pH 6.8) to a concentration of 0.6 mg protein per milliliter pressurized at 100 kPa of H 2 /CO 2 (4 : 1) at 60 1C and incubated with (open symbols) or without (closed symbols) 2 mM amiloride. All experiments were reproducibly repeated at least three times, and a representative data set is shown. Fig. 2 . Changes in the external pH of Methanothermobacter thermautotrophicus wild type (WT) and amiloride-resistant mutant (M) cell suspensions. Exponentially grown cells were harvested, washed and resuspended in buffer (0.2 M KCl, 2 mM Tris-HCl, pH 6.8) to a concentration of 0.6 mg protein per milliliter, transferred to a double-necked vial and incubated at 60 1C under constant stirring. The arrows indicate the addition of NaCl to a final concentration of 36 mM. All experiments were reproducibly repeated at least three times, and a representative data set is shown. depicted in Fig. 3 . The results clearly showed significantly enhanced ATP synthesis in the amiloride-resistant mutant of M. thermautotrophicus. These findings indicate that the Na 1 /H 1 antiporter can compete with the Na 1 -translocating ATPase for sodium ions during ATP synthesis, as it was suggested previously (Šmigáň et al., 1995) . Accordingly, inhibition of the Na 1 /H 1 antiporter in Methanosarcina mazei led to a stimulation of ATP synthesis driven by a methyl transfer reaction generating Dm Na þ , as well as by artificially created DpNa (Becher & Müller, 1994 ).
Significant differences were found between the ability of mutant and wild type to synthesize ATP in the presence of the uncoupler 3,3 0 ,4 0 ,5-tetrachlorosalicylanilide and Na 1 ions (Fig. 3B ). In such an experimental system, Dm Na þ can be converted by means of the Na 1 /H 1 antiporter to Dm H þ in the wild-type cells (Kaesler & Schönheit, 1989) , and the resulting proton motive force could be directly utilized via the A 1 A 0 ATP synthase for ATP production. This driving force for ATP synthesis is supposed to be uncoupler sensitive, and it should be dissipated in the presence of the uncoupler 3,3 0 ,4 0 ,5-tetrachlorosalicylanilide. In agreement with this theory, 3,3 0 ,4 0 ,5-tetrachlorosalicylanilide profoundly inhibited ATP synthesis in the wild-type cells, as shown in Fig. 3b . On the other hand, there is a different physiological situation in the mutant cells with partial Na Fig. 3B .
Isolated mutant cells exhibit very specific phenotypic characteristics like reduced Na 1 /H 1 antiport or elevated methane and ATP production. It was attempted to define the molecular (protein) basis of the amiloride resistance and the accompanying phenotypic features of the mutant. The preliminary results of mass spectrometry analysis of the protein composition of different subcellular fractions derived from wild type and amiloride-resistant cells revealed that the mutant contained significantly higher amounts of F 420 -reducing hydrogenase, b and g subunits of methylreductase I, and tetrahydromethanopterin: coenzyme M methyltransferase subunits B, C, D than wild type (data not shown). All of these proteins play a direct role in methane formation, and hence these results are in good correlation with increased rate of methanogenesis, the major phenotypical characteristic of mutant cells. On the other hand, increased amount of FrpA, F 420 H 2 oxidase (Nölling et al., 1995; Seedorf et al., 2004) and adjacent gene product, MTH1351 (data not shown), were significantly more abundant in the wild type than in the mutant.
One of the principal questions of Na Table S1 ). To look for putative orthologues of these proteins, they were blasted against the database of annotated transporters (transporter.pep, Supplementary Table S2) or against characterized transporters from the TCDB database (Supplementary Table S3 ). Protein sequence similarities between the identified putative cation transporter in M. thermautotrophicus and those from TCDB are given in Table 1 . The results showed that overall protein homology to characterized transporters is relatively low (Table 1 ). In such a case, using a purely bioinformatics approach to predict a possible function or cation specificity of identified transporters could give us only hypothetical functions as they are given in the brackets of (Tersteegen & Hedderich, 1999; Sapra et al., 2000 Sapra et al., , 2003 Porat et al., 2006) . Unfortunately, it has to be concluded that the in silico analysis does not have confidence to predict whether physiological functions of retrieved transporters and multiprotein complex of Ehb hydrogenase can fit into measured Na 
Discussion
The understanding of the critical role of the Na 1 /H 1 antiporter in coupling the circulation of Na 1 ions and H 1 in M. thermautotrophicus (Šmigáň et al., 1995) can be enhanced by the genetic elimination of the Na 
/H
1 antiporter activity was isolated. This change was accompanied by a specific physiological response in the mutant cells. In particular, the present data indicate that mutant cells have a higher energy demand to cope with Na 1 /H 1 antiporter deficiency. This means that mutant cells have to increase a methane production to reach the same growth efficiency as the wild type. It seems reasonable that an increased energy production via elevation of methanogenesis is then essential for compensation of a mutation in any of the important transport systems. Elevated methanogenesis was observed in another mutant isolated in the laboratory (Č uboň ová et al., 2004) . It has been known that methane production can be significantly activated by the presence of Na 1 or Ca 21 ions (Perski et al., 1982; Vanček et al., 2006) . Interestingly, in this case, the preliminary data indicate that increased methane production was achieved by increasing the amount of enzymes participating in the methanogenic pathway. Further, it was shown that ATP synthesis was significantly elevated in the mutant strain under resting conditions, too. In principle, the observed correlation between reduced Na 1 /H 1 antiport and enhanced ATP synthesis in the mutant cells could result from: (a) competition between the Na 1 /H 1 antiporter and Na 1 -dependent ATP synthesis for Na 1 ions, (b) an imbalance between ATP production and ATP utilization in the mutant cells, which could be manifested as enhanced ATP synthesis, and (c) mutation or modification of some other protein(s) participating in the cycling of Na 1 in these cells.
This last possibility has been described in studies on the phenamil and amiloride-resistant strain of Vibrio parahaemolyticus (Jaques et al., 1999) . Based on the present results, it seems that competition for Na 1 ions between the Na 1 /H 1 antiporter and Na
1
-dependent ATP synthesis could reasonably explain some features of the complex phenotype was observed for the amilorideresistant strain. If there are two different Na 1 translocation systems on the membrane competing for Dm Na þ , elimination of one of them should result in increased activity of the other. It has been shown previously that the Na 1 /H 1 antiporter inhibitor harmaline can significantly elevate ATP synthesis driven by proton diffusion potential in the presence of Na 1 in wild-type cells (Šmigáň et al., 1995) . In both cases, lowering of the Na 1 /H 1 antiporter activity either by mutation or by inhibition with harmaline resulted in a stimulation of DpNa-dependent ATP synthesis. In the mutant cells, a Na 1 ion gradient predominantly drives Na 1 -dependent ATP synthesis, which is accompanied by a dramatic increase in ATP synthesis (see Fig. 3 ). These findings indicate that the Na 1 /H 1 antiporter can compete with the Na 1 -translocating ATP synthase for sodium ions during ATP synthesis, as suggested earlier (Šmigáň et al., 1995) . In support of this scenario, Na 1 -driven ATP synthesis should be resistant to dissipation of Dm H þ as was observed in the mutant strain. The observation of uncoupler-insensitive ATP synthesis in the mutant cells might also indicate that the Na 1 gradient can drive ATP synthesis directly via the A 1 A 0 ATP synthase, utilizing Na 1 ion as a coupling ion. Therefore, it could be hypothesized that A 1 A 0 ATPase/ synthase is not only a proton-translocating enzyme but, alternatively, can also translocate sodium ions, as has also been suggested for the F 1 F 0 -type ATPase (Häse et al., 2001) . Recently, on the basis of an in silico analysis, Müller suggested the existence of the a Na 1 -binding motif in the gene AtpK that codes for a proteolipid of the A 1 A 0 ATP synthase in M. thermautotrophicus Müller, 2004) . This also supports the speculation that Na 1 can be used as a coupling ion by the A 1 A 0 ATP synthase, at least under specific conditions. Thus, it is possible that the total synthesis of ATP in these mutant cells may be driven by both Na 1 and H 1 electrochemical gradients via the A 1 A 0 ATP synthase.
The reduced efficiency of Na 1 /H 1 antiporter in this mutant could be due to a number of reasons: firstly, a mutation(s) in an antiporter gene(s) or a protein that links or influences an antiporter activity. Based on the K m values obtained, only a mutation in the Na 1 binding site can be excluded. Secondly, mutation(s) in the regulatory region of an antiporter gene(s) can also have the observed effect. Unfortunately, screening the M. thermautotrophicus genome for putative Na 1 /H 1 antiporter genes resulted in findings of no significant homologue(s) of the Na 1 /H 1 antiporter. However, few retrieved hypothetical cation transporters (see Table 1 ) share significant homology with annotated transport proteins from other methanogens or prokaryotes that have not been characterized to date (Supplementary  Table S2 ). This means that mainly a current lack of biochemical data for representatives of these transporter groups obstructs assigning a putative physiological function(s) for cation transporters in M. thermautotrophicus. Interestingly, Mth1246 is a part of the Ehb operon containing a cluster of genes with limited homology to multisubunit Na Mth1236-Mth1254) . Ehb is a specific hydrogenase of hydrogenotrophic methanogens, which plays a role in the generation of low-potential electron donors probably driven by either a proton or a sodium motive force (Tersteegen & Hedderich, 1999; Porat et al., 2006) . Unfortunately, there is no experimental evidence of Na 1 /H 1 antiport activity of this membrane complex in archaea to date.
The present findings might indicate that the coexistence of two primary ion gradients could have lead to the evolution of a specific transport system(s), which can lead to Na 1 /H 1 antiport in M. thermautotrophicus. Moreover, it also cannot be excluded that observed Na 1 /H 1 antiporter activity might be a result of parallel activity of two different systems: one transporting Na 1 ions and the other H 1 in an opposite direction. Therefore, future work will require a wider molecular biological and biochemical approach. The features of the amiloride-resistant mutant presented here could be exploited by such an approach and could provide further information on the function of the Na 
Supplementary material
The following supplementary material is available for this article: Table S1 . Pool of hypothethical cation transport in M. thermautotrophicus genome. Table S2 . Blast homologues of M. thermautotrophicus putative cation transporters among annotated transporters. Please note: Blackwell Publishing are not responsible for the content or functionality of any supplementary materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
